Abstract. In breast cancer, neuregulin-1 (NRG1) is known as a ligand for the HER3 receptor, which has no intrinsic tyrosine kinase activity. When activated by NRG1 binding, the HER3 receptor forms a heterodimer with other HER family receptors and mediates downstream signaling pathways, leading to multiple effects including growth, proliferation, decreased apoptosis, cellular migration and angiogenesis. Cancer stem cells (CSCs), a subgroup of cancer cells, are considered to have features of stem cells such as self-renewal ability and pluripotent differentiation into other types of mature cells. This study showed that NRG1 treatment induced CSC characteristics in breast cancer cell lines. Using breast cancer cell lines, MCF-7, SKBr-3 and MDA-MB 468, changes related to CSC characteristics were analyzed. Flow cytometry was used to analyze changes in CSC fractions in multiple cell lines after NRG1 treatment. Western blot analysis and immunofluorescence staining demonstrated the expression of CSC markers. To confirm that NRG1 treatment acts through the HER3 receptor, inhibition studies using small interfering RNA (siRNA) were performed. In MCF-7 and SKBr-3 cells, increases in the CSC fraction and expression of CSC markers were observed after NRG1 treatment. However, MDA-MB 468 cells showed high intrinsic expression of CSC markers and a high cellular fraction of CSCs, and in these cells, NRG1 treatment caused no significant change in CSC characteristics. Inhibition of the HER3 receptor blocked the NRG1-induced CSC characteristics, indicating that NRG1 functions through the HER3 receptor. The results imply the presence of a mechanism by which the HER receptors, activated by NRG1, contribute to the acquisition of CSC-like characteristics in some types of breast cancer.
Introduction
Neuregulin-1 (NRG1) was originally identified by its ability to stimulate the phosphorylation of HER2 receptor tyrosine kinase (1) . A large number of different isoforms are produced through the alternative splicing of the NRG1 gene, including heregulins (HRGs), glial growth factors (GGFs) and sensory and motor neuron-derived factor (SMDF). Furthermore, the isoforms are tissue-specifically expressed, and through interaction with HER receptors, NRG1 isoforms induce the growth and differentiation of epithelial, neuronal, glial and other types of cells (2) .
NRG1 is known as a ligand for the HER3 receptor, which has no intrinsic tyrosine kinase activity. HER3 receptors activated by NRG1 binding form heterodimers with other HER family receptors and mediate downstream signaling pathways. HER2-HER3 have been shown to be a potent signaling pair in preclinical models of HER2-positive breast cancer. Signals from dimerized, activated HER receptors can impact downstream signaling cascades, such as the mitogen-activated protein kinase (MAPK) pathway, the Janus tyrosine kinase (JAK)/signal transducer and activator of transcription (STAT) pathway and the phosphatidylinositol 3'-kinase (PI3K)-Akt pathway, leading to multiple effects, including growth, proliferation, decreased apoptosis, cellular migration and angiogenesis (3) (4) (5) (6) (7) (8) Research using breast cancer cell lines has shown that NRG1, the ligand of HER3, induces epithelial-mesenchymal transition (EMT) in breast cancer cells, induces expression of proteins that are involved in invasion and metastasis (e.g., matrix metalloproteinase) and drives tyrosine kinase inhibitor-resistant growth and invasion of breast cancer cells (9) (10) (11) .
In EMT, epithelial cells lose cell-cell contact, transform to take on a spindle shape and express mesenchymal cell proteins, which are favorable for cellular migration and invasion (12) (13) (14) . Studies suggesting that EMT accompanies cancer stem cell-like characteristics have recently come into the spotlight. Cancer stem cells (CSCs), a subgroup of cancer cells, display features of stem cells such as the abilities of self-renewal and pluripotent differentiation into other types of mature cells (15) . CSCs and their relationships with tumor recurrence, metastasis and chemoresistance have lately drawn much attention (16) (17) (18) (19) . In human cancer, a relationship between the malignant potential of cancer and the proportion of CSCs present has been reported (15, 20, 21) . Meanwhile, various growth factors such as transforming growth factor β (TGF-β) and epidermal growth factor (EGF) have been found to induce the signaling pathways related to EMT and CSC-like characteristics (22) (23) (24) (25) (26) . These results may indicate that expression of CSC characteristics is a transient, common and dynamic process according to the tumor microenvironment during cancer progression (27) .
The aim of this study was to determine whether NRG1 induces CSC characteristics in breast cancer cells and whether the induced CSC characteristics are a transient and dynamic process. Using breast cancer cell lines, MCF-7, SKBr-3 and MDA-MB 468, changes related to CSC characteristics were observed following NRG1 treatment.
Materials and methods
Cell culture. Breast cancer cell lines SKBr-3, MCF-7, T47D, Hs578T, MDA-MB 231, MDA-MB 453 and MDA-MB 468 were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were grown in RPMI-1640 medium (Gibco, Grand Island, NY, USA) containing 100 units/ml penicillin, 100 mg/ml streptomycin (Gibco-BRL, USA) and 10% fetal bovine serum (FBS; Gibco-BRL) at 37˚C under a humidified 95-5% (v/v) mixture of air and CO 2 . Cells were harvested by trypsinization, and 2x10 6 cells were seeded in a 100-mm culture dish.
For experiments, cells were incubated in serum-free medium for 16 h. After 16 h of serum starvation, cells in the test group were treated with human heregulin (HRG)-β1 (25 ng/ml) in serum-free medium for a specified period of time. HRG-β1 is a well-known isoform of NRG1. Cells in the control group were incubated in serum-free medium for the same time but without any treatment. Recombinant human HRG-β1 (purity >97%) was purchased from R&D Systems (Minneapolis, MN, USA) and aliquoted in small amounts in PBS and stored at -70˚C. Western blot analysis. Cells were harvested mechanically and lysed with RIPA buffer containing 20 mM Tris-HCl (pH 7.5), 2 mM EDTA, 150 mM NaCl, 1 mM sodium vanadate, 10 mM NaF, 2.5 mM sodium pyrophosphate, 1% sodiumdeoxycholate, 0.1% SDS, 1% NP-40, 1 mM PMSF and a protease inhibitor cocktail (Roche, Germany). Cell lysates were cleared by centrifugation at 14,000 rpm for 20 min at 4˚C, and the supernatants were used as total cellular protein.
The protein concentration of each sample was determined using a BCA protein assay kit (Pierce, Rockford, IL, USA). Proteins were electrophoresed on a sodium dodecyl sulfate (SDS)-polyacrylamide gel and transferred onto polyvinylidene fluoride membranes (Bio-Rad, USA) in a transfer buffer. The blocked membranes were then incubated with the indicated antibodies, and immunoreactive bands were developed by an enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech) using secondary antibodies coupled with horseradish peroxidase.
Antibodies for CD44 (8E2), HER1/epidermal growth factor receptor and HER2/ErbB2 were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies for HER3/ErbB3 and HER4/ErbB4 were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The antibody for CD49f (integrin α6) was purchased from Millipore (Temecula, CA, USA). The CD29 (integrin β1) antibody was from BD Biosciences (San Diego, CA, USA), while monoclonal anti-β-actin was obtained from Sigma (St. Louis, MO, USA). The anti-mouse immunoglobulin horseradish peroxidase-linked F(ab)2 fragment was from Perkin-Elmer (Boston, MA, USA).
Immunofluorescence. Approximately 2x10
4 cells were seeded on a 2-well Lab-Tek™ II chamber slide™ (Thermo Fisher Scientific Inc., USA). After 16 h of serum starvation, the cells in the test group were treated with HRG-β1 (25 ng/ml) (R&D Systems) in serum-free medium for 24 h. Cells in the control group were incubated in serum-free medium for the same amount of time without any treatment. Then, cells were washed three times with PBS and fixed with 4% paraformaldehyde for 10 min. Following three washes with PBS, cells were permeabilized for 20 min with 0.1% Triton X-100. After being again washed in PBS, the slides were blocked with 3% BSA for 1 h at room temperature, and the cells were incubated with mouse monoclonal anti-CD44 primary antibodies (Cell Signaling Technology) overnight at 4˚C. After three washes, the cells were incubated with Alexa fluor ® 488 anti-mouse IgG secondary antibodies (Invitrogen, New Zealand). Following further washing, cells were mounted with mounting medium containing DAPI (Vector Laboratories, Burlingame, CA, USA) and observed by a Zeiss LSM 700 confocal laser scanning microscope (Carl Zeiss, Thornwood, NY, USA).
Small interfering RNA (siRNA) transfection. For transfection, SKBr-3 and MCF-7 cells were seeded in 6-cm plates and transfection was performed under conditions described by the manufacturer (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). After replacing media with reduced serum Opti-MEM, the cells were transfected with control siRNA or ErbB3 siRNA, using the siRNA transfection reagent system (Santa Cruz). Six hours after the incubation, the media were replaced with the standard culture media described above. After an additional 24-h incubation, the transfected cells were treated with HRG-β1 (25 ng/ml) and then used in the following tests.
Statistical analysis. The data are expressed as the mean value ± SE, unless indicated otherwise. Statistical analysis was performed using a two-tailed Student's t-test. Significance was defined as P<0.05.
Results

Selection of breast cancer cell lines for experiments.
Since NRG1 is a ligand for the HER3 receptor, the breast cancer cell lines with considerable HER3 receptor expression were selected for the experiments. It was also necessary to determine the HER family receptor expression profiles of each cancer cell line since the activated HER3 receptor forms heterodimers with other members of the HER receptor family and activates downstream signaling pathways. Using western blot analysis, the expression profiles of HER family receptors were analyzed semi-quantitatively in various cancer cell lines.
We found that MCF-7, SKBr-3, T47D, MDA-MB 453 and MDA-MB 468 cell lines all showed high levels of HER3 expression. Among these cell lines, the SKBr-3 cell line showed the highest level of HER2 expression, while the MDA-MB 468 cell line showed the highest level of HER1 expression (Fig. 1) . Based on these results, the SKBr-3 cell line with HER2-HER3 receptors and the MDA-MB 468 cell line with HER1-HER3 receptors were selected for the subsequent experiments. Using the experimental results of the SKBr-3 and MDA-MB 468 cell lines, the downstream signaling effects induced by HER2-HER3 heterodimerization and those induced by HER1-HER3 heterodimerization could be compared. In addition to SKBr-3, T47D and MDA-MB 453 cells also expressed considerable levels of HER2 and HER3. However, these cell lines were not included in the following experiments as their HER2 expression levels were lower than those of SKBr-3.
The MCF-7 cell line, which showed considerable HER3 expression in the western blot analysis, was included in the subsequent experiments since it is a well-known hormoneresponsive cell line (28) . Although the relevance of a breast cancer cell line as a model for actual breast cancer is a controversial issue (29) , the hormone-responsive cell line MCF-7 was considered as a model for luminal-type breast cancer in this study, while SKBr-3 with strong HER2 expression was considered as a model for HER2-type breast cancer and MDA-MB 468 with strong HER1 expression was considered as a model for basal-like type breast cancer.
NRG1 induces increases in CD44-positive CSC fractions.
To test the hypothesis that NRG1 induces CSC-like properties in breast cancer cells, the expression of CSC markers was examined. How best to calculate CSCs in a complex tumor cell population is a subject of active research and controversy. In breast cancer, CSCs are usually identified by a CD44 high /CD24 low phenotype (30) . Using flow cytometry, the fraction of CSCs in each cell line was measured. The differences in CSC fraction between the control group cells and the NRG1 treatment group cells were analyzed.
Most high /CD24 low phenotype newly appeared. The results of flow cytometry showed an increased proportion of CD44-positive cells after NRG1 treatment, from 1.28% in the control group to 9.95% in the NRG1 treatment group. The proportion of cells with CD24 expression was not significantly changed (Fig. 2) .
In (Fig. 2) . Regarding MDA-MB 468 cells, NRG1 had no effect. The cellular fractions depending on the degree of CD44/CD24 expression were not significantly changed after NRG1 treatment. Unexpectedly, the proportion of cells with the CD44 high /CD24 low phenotype was slightly decreased, from 0.14% in the control group to 0.10% in the NRG1 treatment group. NRG1 treatment did not make any significant changes in the proportion of CD44-positive cells (Fig. 2) .
The results of the flow cytometry showed that NRG1 induced increases in the proportion of CD44-positive cells in the SKBr-3 and MCF-7 cell lines but not in the MDA-MB 468 cells. NRG1 treatment made no significant change in the proportion of CD24-positive cells in any of the three cell lines. Regarding the cells with the CD44 high /CD24 low phenotype, NRG1 treatment induced new appearances of those cells in the SKBr-3 cell line and a slight increase of those cells in the MCF-7 cell line. While the SKBr-3 cell line had no cells with the CD44 high /CD24 low phenotype in the control group, some of the MCF-7 and MDA-MB 468 control cells had the CD44 high /CD24 low phenotype. Although the proportions of these cells were very small, it is noteworthy that these cell lines had some cells with the CSC phenotype before any treatment. Considering the high proportion of CD44-positive cells in the control group, MCF-7 and MDA-MB 468 cells are considered to contain a substantial population of CSC before treatment with NRG1. 
NRG1 induces the expression of CSC markers.
Using western blot analysis, the expression levels of CSC markers were analyzed semi-quantitatively. In addition to CD44, integrin α6/CD49f and integrin β1/CD29 were used as CSC markers. These integrins are generally known for their high levels of expression in normal mammary gland stem cells (MGSCs) and may also be important in breast CSCs (31) (32) (33) (34) .
In SKBr-3 cells, the control group cells did not express CD44 or CD49f and expression of CD29 was negligible. However, after 12 h of incubation with NRG1, expression of CD44 and CD49f became evident in the SKBr-3 cells. The expression levels of CD44 and CD29 appeared to reach their peaks after 12-24 h of incubation. While the expression levels of CD44 and CD29 were decreased over time, the expression level of CD49f increased continuously until 96 h of NRG1 treatment (Fig. 3) .
MCF-7 cells exhibited patterns of expression similar to those of SKBr-3 cells. Expression of CD29 was observed only faintly in the control cells and CD44 was almost completely absent. After 6 h of NRG1 treatment, expression of CD44 and CD29 became evident. Expression levels of CD44 and CD29 appeared to reach their peaks after 12-24 h of incubation. While the expression level of CD44 was decreased after 48 h, the elevated expression level of CD29 was sustained until 96 h of treatment. Expression of CD49f was not observed in the MCF-7 cells, either in the control group or the NRG1 treatment group (Fig. 3) .
NRG1-induced expression of CSC markers was verified by immunofluorescence staining. After incubating cells for 24 h with NRG1, expression of CD44 was observed in the SKBr-3 and MCF-7 cells. Furthermore, SKBr-3 cells showed an outstanding transformation into spindle-shaped cells following NRG1 treatment, suggesting that they underwent epithelial-mesenchymal transition (Fig. 4) .
Due to the results of the flow cytometry, MDA-MB 468 cells were not analyzed further. Inhibition of the HER3 receptor suppresses expression of CSC markers. We found that NRG1 treatment induced increases in the CSC fraction and expression levels of CSC markers in various breast cancer cell lines. To determine whether the effects of NRG1 treatment are mediated through the HER3 receptor, we blocked the expression of the HER3 receptor using siRNA and observed any changes in CSC marker expression. After NRG1 treatment, SKBr-3 cells treated with control siRNA showed increased expression levels of CSC markers, as expected. Meanwhile, SKBr-3 cells treated with the HER3 receptor (ErbB3) siRNA showed only minimal expression of CSC markers (Fig. 5) . It was evident that the inhibition of HER3 receptor counteracted the effects of NRG1 treatment. However, the experiment performed with MCF-7 cells did not show any significant changes. After NRG1 treatment, both the MCF-7 cells treated with control siRNA and those treated with HER3 receptor (ErbB3) siRNA showed similar levels of CSC marker expression.
Discussion
The present study demonstrated that NRG1 induces the expression of CSC-like characteristics in a number of breast cancer cell lines. Manifestation of CSC-like characteristics in the cells lines was examined by observing the expression of CSC markers CD44, CD29 and CD49f.
There were differences among the breast cancer cell lines in regards to the levels of expression of CSC markers. MDA-MB 468 cells had the highest CSC fraction and CSC marker expression before NRG1 treatment, and this high basal level of expression made it impossible to use the MDA-MB 468 cells to illustrate any increase in CSC properties due to NRG1 treatment. MDA-MB 468 cells display high levels of HER1 expression and are known to have low or minor expression of hormonal receptors and HER2. Because of these features, MDA-MB 468 cells are often used as a model for basal-like type of breast cancer. The result of this study suggests that the basal-like type of breast cancer cells may have a high level of CSC characteristics regardless of HER family receptor activation. Some studies using a tissue microarray of human breast cancer reported that breast cancers with basal-like phenotypes are associated with EMT (35, 36) . Considering that EMT accompanies CSC-like characteristics, the results of the present study support those of the human breast cancer tissue microarray studies.
On the other hand, MCF-7 and SKBr-3 cells showed increased CSC fractions and expression levels of CSC markers after NRG1 treatment. This finding implies the existence of a mechanism by which the activated HER receptors contribute to the acquisition of CSC-like characteristics. It is known that signals from activated, dimerized HER receptors can impact downstream signaling cascades such as the MAPK pathway, the JAK/STAT pathway and the PI3K/Akt pathway, leading to multiple effects (4, 6, 37, 38) . Acquisition of CSC-like characteristics could be the result of one of these multiple effects. Some studies have shown that NRG1 induces EMT in breast cancer cells and induces expression of proteins related to invasion and metastasis by cancer cells (e.g., matrix metalloproteinase) (9) (10) (11) . Therefore, activation of HER receptors by NRG1 induces EMT and CSC-like characteristics in tumor cells and ultimately the acquisition of a phenotype that is favorable for the survival of the tumor cell. NRG1 is a tissue-specifically expressed growth factor that normally affects variable types of cells. It may have a role in the settlement of circulating tumor cells and the formation of metastatic tumor masses, particularly in some specific sites, such as the brain and liver, in which normal parenchymal cells express NRG1.
Regarding the expression of CSC markers, the results of our western blot analysis showed another significant finding. In SKBr-3 and MCF-7 cells, the expression levels of CSC markers reached a peak after 12-24 h of incubation with NRG1. After that time, the expression levels of most CSC markers, particularly CD44, showed a decreasing trend with the passage of time. This result suggests that the expression of CSC characteristics is a transient and reversible phenomenon. This finding supports the hypothesis that the expression of CSC characteristics is a transient and dynamic process that can advance or retreat according to the tumor microenvironment during cancer progression (27) .
It is possible that NRG1-induced CSC-like characteristics may play a role in a mechanism of chemoresistance. Studies have shown that activation of HER receptors and their downstream signaling cascades may be related to the resistance of cancer cells to chemotherapy and hormonal therapy (39) . Particularly, HER2-HER3 dimerization appears to play a role as a scavenger of HER2-targeted therapy and contributes to the restoration of the malignant phenotype of breast cancers cells (40, 41) . Unpublished data from our laboratory revealed that the expression level of NRG1 is elevated in tamoxifen-resistant MCF-7 cells. It is assumed that chemoresistant tumor cells secrete NRG1 and activate autocrine induction of HER receptor-related downstream signals. As a consequence, the tumor cells may then be induced to express proteins related to the EMT and acquisition of CSC-like properties to ultimately attain a more favorable phenotype for survival.
Although this study is a novel one, it has some limitations. The acquisition of CSC characteristics was evaluated using expression of cancer stem cell markers only. It was not confirmed that the cells which expressed CSC markers had self-renewal activity or pluripotent differentiation potential. In addition, the highly tumorigenic nature of these cells needs to be demonstrated through mammosphere assays or xenografts in NOD/SCID mice.
In summary, the present study revealed that NRG1 treatment induces CSC characteristics in breast cancer cell lines. In MCF-7 and SKBr-3 cells, increases in the CSC fraction and expression levels of CSC markers were observed after NRG1 treatment. However, MDA-MB 468 cells showed high intrinsic expression of CSC markers and a high cellular fraction of CSCs. In the MDA-MB 468 cells, NRG1 treatment induced no significant change in CSC characteristics. These results imply the existence of a mechanism by which HER receptors activated by NRG1 contribute to the acquisition of CSC-like characteristics in certain types of breast cancer. CSCs are known to be related to tumor recurrence and metastasis, chemoresistance and poor prognosis. This mechanism could be a strategy through which tumor cells that have been activated by NRG1 gain a favorable phenotype for survival. Understanding the mechanism of action of NRG1 and HER receptors could be a clue to overcoming the chemoresistance observed in certain types of cancers. Furthermore, NRG1, HER receptors and the downstream signaling molecules could serve as new targets for cancer therapeutics.
